"25I-Serum amyloid P component (SAP), injected intravenously into 10 normal subjects, remained predominantly intravascular with mean (SD) T112 (half time) in plasma of 24.5 (5.9) h. The fractional catabolic rate of 68 (19)% of the plasma pool per day was more rapid than other reported human plasma proteins. All radioactivity was excreted in the urine by 14 d. In 16 patients with monoclonal gammopathy or chronic inflammatory diseases, but without amyloidosis, 1251-SAP metabolism was normal. However, among 45 patients with biopsy-proven systemic amyloidosis (25, amyloid A type; 20, amyloid L type), 1251I-SAP was cleared from the plasma more rapidly, accumulated in the amyloid deposits, and persisted there. The T112 in amyloid, measured directly with '31I-SAP, was 24 d. Repeat studies after 6-18 mo were notably consistent in normals but changed significantly in amyloid patients, generally correlating with clinical signs of disease progression.
Introduction
Serum amyloid P component (SAP)' is a normal plasma glycoprotein, a member of the pentraxin family, the other member of which in man is C-reactive protein (CRP), the classical acute-phase reactant (1) . Although the normal function of SAP is not known, the fact that no deficiency of it has yet been described and the fact that very similar homologous molecules are present in the serum of all vertebrates in which This work was presented in part at the Annual Meeting of the Society of Nuclear Medicine in St. Louis, Missouri, in June, 1989, and at the 1. Abbreviations used in this paper: AA, amyloid A; AL, amyloid L; AP, amyloid P component; CRP, C-reactive protein; SAP, serum AP; TAP, tissue AP; T,1/2, half time; To, time zero. they have been sought, suggest that it is of physiological importance. A molecule that is immunochemically indistinguishable from SAP, so-called tissue amyloid P component (TAP), is a normal constituent of extracellular tissue matrices. It is an integral component of human glomerular basement membrane, covalently linked to collagen and/or other matrix proteins (2) , and is noncovalently associated with the microfibrillar mantle of elastic fibers throughout the body (3, 4) . It is not known whether TAP is derived from circulating SAP or whether it is produced locally.
SAP is a calcium-dependent lectin with specificity for the cyclic pyruvate acetal ofgalactose and related sugars (5) , and it also binds to sulphated glycosaminoglycans, especially heparan, heparin, and dermatan (6) . In addition, SAP is the single plasma protein that specifically undergoes calcium-dependent binding to DNA and chromatin in vitro (7) , and interaction with the latter selectively displaces H1-type histones and renders long chromatin soluble at physiological ionic strength (8) . SAP also binds to extracellular chromatin in vivo (9) and this may represent a significant part of its normal function. SAP, which has been aggregated in vitro, but not native nonaggregated SAP, specifically binds to fibronectin and C4-binding protein (10) , though the functional effects of these interactions are not known.
Apart from its normal properties and physiological distribution, SAP is important as the precursor of amyloid P component (AP), which is a universal nonfibrillar constituent of all known amyloid deposits (1 1-14) . These abnormal extracellular deposits consist predominantly of amyloid fibrils, with characteristic ultrastructural morphology, which are composed of different autologous polypeptide subunits in different forms of the disease (15, 16) . The amino acid sequence of AP (17) is identical to the sequence of SAP derived from the single copy of its gene present in the human genome (18, 19) , and we have demonstrated directly, both in mice and in humans, that circulating SAP is the precursor of AP (20) (21) (22) . This deposition is a consequence of the calcium-dependent binding of SAP to as yet uncharacterized ligands present in amyloid fibrils (23) , and it has enabled us to develop a novel method for specifically targeted in vivo radionuclide imaging of amyloid deposits using '23I-labeled SAP (22, 24) . In the course of these studies we made preliminary observations of some of the parameters of SAP metabolism in normal subjects and patients with amyloidosis. We now report here a detailed metabolic analysis of SAP distribution, catabolism, and synthesis based on studies with the longer lived isotopes 1251 and '31I.
Methods
Isolation, radiolabeling, and testing ofSAP. SAP Protein-bound (TCA-precipitated) activity in l-ml aliquots of all serum samples and total activity in untreated 1-ml aliquots of each 24-h urine collection were counted simultaneously with a standard aliquot of the injected tracer. Results were calculated as percent injected dose per liter of serum (plasma) or urine.
Plasma volumes were estimated from body surface area (29) and by extrapolating plasma radioactivity back to time zero (To). Plasma activity was also expressed as a percentage of the notional To value, and whole-body retention of radioactivity was calculated at daily intervals by subtracting the cumulative activity excreted in the urine from the total injected dose. Extravascular compartment activity was determined daily by subtracting plasma activity from whole-body activity. SAP concentration was estimated (30) in multiple serum samples from each subject.
Curve fitting and metabolic analysis. In 24 patients with systemic amyloid (13 AL, 11 AA), 8 patient controls (4 chronic inflammatory diseases, 4 monoclonal gammopathy), and 10 normal volunteers, plasma activity data were analyzed by fitting (31) to one and two compartmental models of behavior of the tracer (32) and to a negative power function of time (33-35). Curve fits were compared by the F-ratio test. Metabolic parameters were derived as follows (36) : synthesis rate (i.e., turnover rate in the steady state) from the area under the curve between To and infinity; the notional To volume of distribution from the y-axis intersect; and the biological half-life and fractional clearance rate from the value of the exponent. Fractional catabolic rate was directly measured as the proportion of radioactivity excreted into the urine divided by mean plasma activity in unit time.
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Whole body clearance of '3I-SAP. One patient with extensive hepatic AL amyloid received 18.5 MBq (250 jg) of '3'I-SAP, was imaged (IGE Starcam gamma camera; IGE Medical Systems, Slough, UK) immediately and 1, 4, 9, 17, and 25 d later, and was studied metabolically with background and isotope decay corrections for 17 d.
Autopsy studies. The distribution of '251I-SAP was determined in two patients who died, respectively, 4 mo (patient M. C. AL amyloid, Table IV, no. 4; Table V) and 12 mo (AA amyloid, Table III , no. 1) after injection, and its capacity for calcium-dependent binding to isolated amyloid fibrils in vitro was assessed (23)2 after extraction of total AP by homogenization in 140 mM NaCl containing 10 mM Tris and 10 mM EDTA, pH 8.0, of all tissues which contained amyloid by Congo red staining (37) .
Results
Clearance of 125I-SAP in normal subjects. Plasma activity initially fell relatively rapidly, presumably reflecting distribution and equilibration of the labeled protein in the body pool of SAP, leaving, at 6 h, mean (SD), 75 (4%) of the notional To value in the circulation. Thereafter there was a slower, steady decline throughout the 7-d period of study ( Fig. 1 a) , continuing for up to 14 d in two further subjects (data not shown). The halftime (T112) for clearance of plasma activity was mean (SD), 24 .5 (5.9) h, paralleled, with a delay of about 24 h, by the urinary excretion of radioactivity. At 7 d the whole-body retention was mean (SD), 17 (4)% of the injected dose and, in two further subjects studied for a longer period, all activity was eliminated by 14 d.
Metabolism and distribution of l25I-SAP in normal subjects. In 60% of the normal subjects the plasma 1251I-SAP clearance data were best fitted with a negative power function; in fitting function which yielded the statistical "best fit" (P < 0.025) to the clearance data, by the method of least squares. 11 Estimated in each individual from the best fit curve, as above, except where that was produced by negative power function in which case it was derived from the monoexponential function. 1 Although 16 patient controls were studied, blood samples were not collected throughout the 7-d period in 8 of them and these have therefore been excluded from the complete metabolic analysis. 20%, with a single exponential; and in the remaining 20%, with a two exponential function. When data from the first 24 h after injection were excluded, the remaining results closely approximated to a single exponential function in all cases.
Total plasma SAP concentrations were constant in all subjects, enabling various metabolic parameters to be calculated (Table I ). The fractional clearance rate estimated by curve fitting was essentially the same as the fractional catabolic rate measured directly from the cumulative urinary excretion of radioactivity. The synthesis rate of SAP was -2 mg/h and, as expected for a protein of high Mr, 254,000, the notional distribution volume obtained by extrapolation of the clearance curves to To was close to the plasma volume. However, this extrapolated distribution volume is very sensitive to the first few clearance data points and must therefore be regarded as only a nominal value (38), useful for comparison with the pathological situation in amyloidosis rather than a reliable absolute quantitation.
Studies of'25I-SAP in patient controls. In 16 patients with various disorders predisposing to amyloidosis, but in whom there was no clinical or pathological evidence of amyloid, plasma SAP levels were within normal limits and were constant throughout the studies of '25I-SAP turnover. The results of these studies were not significantly different from the healthy volunteers (Table I) , all values falling within 2 SD about the mean of the normal control group, even in three patients who had acute phase responses at the time of the study, with serum CRP values of 16, 30, and 46 mg/liter, respectively. At the end of the initial rapid phase of distribution/clearance there was mean (SD), 72 (5)% ofthe notional To value in the circulation and the T,, of the subsequent steady monoexponential phase was 22.8 (5.7) h. At 7 d the whole body retention was 15 (8)% of the injected dose.
Model ofnormal SAP metabolism. Using the two-exponential function to fit the clearance data it is possible to construct a simple two-compartment model for normal SAP metabolism in which the bulk of the SAP is in the plasma compartment, in free exchange with a relatively small extravascular compartment, and SAP is catabolized and replaced by de novo synthesis at a steady rate. Typical values calculated for three normal subjects in whom the clearance results corresponded most closely to the two-exponential function are shown in Table II. Clearance of "2sI-SAP in patients with amyloidosis. The plasma SAP values (mean [SD]) in patients with amyloidosis were not significantly different from normal: AL amyloid, 25.2 (11.6) mg/liter, n = 20; AA amyloid, 33.4 (12.1) mg/liter, n = 25. However, in most of these patients the clearance of 12511 SAP was abnormal. In patients with very extensive deposits, especially those with amyloid hepatomegaly and/or splenomegaly, the initial plasma clearance of SAP was greatly accelerated; in extreme cases, over 90% of the injected dose left in the circulation within minutes ( Fig. 1 b and Fig. 2 ; Tables III  and IV) . However, even when clearance was less rapid, urinary excretion of tracer was reduced and whole-body retention at 7 d was increased ( Fig. 1 c and Fig. 2 - Tables III and IV) . This was a result of increased accumulation of 125I-SAP in the extravascular compartment ( Figs. 1 and 2 ; Tables III and IV) .
Persistence of SAP in amyloid deposits. Animal experiments (20, 21, 39) and our imaging and autopsy studies of patients injected with 123I-SAP (22, 24) , have demonstrated that the extravascular accumulation and retention of activity represent the specific deposition of circulating SAP as AP in amyloid depbsits. Whole-body scanning and metabolic measurements after injection of 13'I-SAP into an individual with massive amyloid hepatomegaly both showed that the T112 of SAP in the liver amyloid was 24 d (Fig. 3) , and confirmed that the only significant route ofexcretion of label was the urine. In a patient who died 4 mo after injection of 1251I-SAP, 5% of the injected dose was recovered in the form of whole, unaltered, functionally intact molecules by elution of the amyloid-laden spleen, liver, and heart obtained at autopsy.
Metabolic analysis of'25-SAP in amyloidosis. The plasma activity data in amyloid patients corresponded most closely to a negative power function in all cases, except one who, clinically, had only minor deposits. The poorest curve fits were seen in patients with the most extensive amyloid by clinical criteria. The significance of these findings is not clear but it means that simple models based on low order exponential 24 h were obtained in all cases, the same value as in the control groups. This indicates that only SAP within the plasma compartment is available for catabolism, while SAP that has localized as AP in the tissue amyloid deposits is effectively protected from degradation.
The quantity of AP within amyloid deposits was measured directly (30) in two patients all of whose affected organs were available at post-mortem, and 2,100 and 21,000 mg, respectively, were found. These results greatly exceed the values calculated for the extravascular compartment from the exponential model. By analogy with the behavior of radiocalcium (40) they suggest that in addition to the "superficial" AP compartment, in rapid and free exchange with plasma SAP, there may be a "deep" AP compartment, exchange with which is much slower. The prolonged persistence of '25I-SAP within amyloid deposits supports this concept, but it could also be explained by the existence of a continuum between superficial AP and deep AP sequestrated within very extensive deposits.
Diagnostic implications of 125I_SAP turnover in systemic amyloidosis. The turnover of '251I-SAP in the group of amyloidosis patients as a whole was significantly different from that in the control groups. Taking a value outside 2 SD about the mean of the normal controls as abnormal, the plasma activity at 6 h was abnormal in 62% of the amyloid patients, the whole-body activity at 7 d was abnormal in 89%, and the extravascular activity at 7 d was abnormal in 91%. Only three patients (6.6%) had normal values for all three variables. Furthermore in a number of amyloid patients the peak value for extravascular activity was reached only between days 2 and 5 ( Fig. 1 ; Tables III and IV) 60. 40. 20. patient controls no abnormalities of turnover of '231-SAP were seen (24) and the presence of amyloid is thus, so far, the only condition which produces the observed alterations. However, the present value for "diagnostic sensitivity" reflects the particular amyloid patients who were studied. Inclusion of more individuals with only minor deposits would lead to more results within the normal range, while in a group with major deposits all would be expected to give abnormal results.
Turnover studies of '25I-SAP were repeated in 3 normal subjects and in 12 amyloid patients at intervals of 6-18 mo after their first investigation. The results in normals were notably constant. However, in some of the patients there was more rapid early plasma clearance, increased whole-body retention, and increased extravascular accumulation, which usually, but not always, correlated with clinical assessment of deterioration (Table V) 
Discussion
We describe here for the first time the plasma clearance of radioiodinated human SAP. The labeled protein was structurally intact and fully active functionally, including its capacity for specific calcium-dependent ligand binding in vitro. Furthermore its handling in vivo by both normal and amyloidotic mice was identical to that of both unlabeled purified human SAP and completely untreated SAP administered by injection of whole normal human serum. There is no evidence of either genetic or phenotypic polymorphism of SAP.The behavior of the labeled isologous tracer used here can therefore be confidently taken to represent the behavior of autologous SAP in situ in the body. The fractional catabolic rate of SAP was -70% of the plasma pool per day, and it was therefore more rapidly catabolized in normal subjects than other plasma proteins studied hitherto (41) (42) (43) (44) (45) (46) (47) . All the radioiodine-labeled breakdown products of the tracer were excreted in the urine and the injected dose was completely eliminated after -14 d. The estimated normal synthesis rate was -2 mg/h. Not surprisingly for such a large molecule, Mr 254,000, it was predominantly restricted to the vascular compartment, although calculations from a two-exponential, two-compartment model of its distribution indicated that up to -25% may be in an extravascular compartment in free and rapid exchange with the circulation. However, no evidence was obtained of interchange between SAP and the normal TAP of extracellular matrix structures. If TAP is derived from circulating SAP this must take place either too slowly or at too low a level to have been detected in these studies.
In patients with systemic AA or AL amyloidosis, striking alterations of SAP turnover were observed. After injection, the labeled SAP rapidly and specifically localized to the amyloid deposits and was then retained there for prolonged periods.
The amount of tracer that accumulated in amyloid and the speed of its deposition generally correlated closely with clinical assessment of the size and extent of amyloid deposits. In cases with massive amyloid hepatomegaly and/or splenomegaly virtually all of the injected dose was taken up in the amyloid within minutes.
In patients with diseases predisposing to amyloidosis but in whom there was no clinical, laboratory, or pathological evidence of amyloid, the turnover of SAP was indistinguishable from controls. Monitoring of labeled SAP clearance and excretion may therefore be useful in the diagnosis ofamyloidosis.
Furthermore, repeat studies at intervals of 6-18 mo provided clear evidence of increased amyloid deposition in some patients, compared with remarkable stability of all parameters of SAP metabolism in normal subjects. Although clearly there is scope for more work, this approach may be useful for monitoring in vivo the extent and progression of amyloid per se, rather than just its effects on affected tissues and organs.
Once labeled SAP was deposited as AP within amyloid deposits it was apparently protected from the normal rapid catabolism of SAP in the plasma compartment. Direct measurement of the persistence of "1'I-SAP in the liver of a patient with massive amyloid hepatomegaly revealed a T112 of 24 d, compared with the T1/2 of plasma SAP of 24.5 h. This remarkable result was corroborated by measurements of urinary excretion of '3'I, and, in another patient who died 4 mo after a 1251I-SAP study, by the presence within the amyloidotic organs of -5% of the injected dose in the form of whole, intact, fully functional SAP molecules. In amyloidosis, therefore, the circulating SAP is in exchange with both a freely accessible superficial extravascular pool of SAP, as in normals, and also a deep pool of AP in the amyloid deposits. It is not clear, however, whether this is a single deep pool in which some labeled SAP persists for prolonged periods simply because of its size, or whether there are discrete "layers" or "zones" within amyloid deposits to which SAP is more tightly bound.
The size of the AP pool is also remarkable, up to 21 g, and this level of accumulation must reflect increased SAP production, although it was difficult to estimate accurately because the grossly altered plasma clearance kinetics cannot be well fitted to the usual exponential models of plasma protein metabolism. Nevertheless, at the rate of, say, 1 mg/h, which is well within the range estimated for increased SAP production in amyloid patients, it would take -3 yr to accumulate an AP pool of this size, a period compatible with the known natural history of the disorder.
It has long been known that the plasma SAP concentration is normal in patients with amyloidosis (48) (49) (50) and this was confirmed here. Given the demonstrated rapid clearance and deposition of SAP in amyloid, the massive accumulation of AP, and the accelerated synthesis of SAP, there evidently is a tightly regulated homeostatic feedback mechanism that keeps the plasma SAP concentration within normal limits. This contrasts sharply with the behavior of CRP, plasma levels of which can increase by > 3,000-fold in the acute phase response (1), and suggests that maintenance of a constant circulating concentration may be important for the normal function of SAP.
